A survey is presented of the available hydrodynamic data on components of suspendedarray mooring systems. The data are used by the system designer in calculating the forces and motions induced in the system by the dynamic ocean environment. The components include a variety of shapes of packages which contain oceanographic sensors and other moored array components. The data include hydrodynamic load coefficients, added mass and damping coefficients, and strumming effects which result from surface waves and subsurface currents. The various components are catalogued according to types and shapes of components. Types include sensor and array elements, mooring lines, and buoys. The quality and quantity of data are assessed. Suggestions are given for research to improve the quality and quantity of certain data.
Introduction
Various organizations involved in ocean research develop suspended array systems for such applications as the measurement of environmental parameters, weather prediction, and the tracking of military and commercial shipping. Designers of the moorings for these systems require a knowledge of the hydrodynamic environment, including surface wave spectra and subsurface currents to be expected at the site of interest. They also need to know the responses of the system's components. When the environment is known many of these responses may be determined from the hydrodynamic characteristics of the various components. This paper explores the state of technical data on the hydrodynamic characteristics of oceanographic sensors and mooring components and indicates their use in determining the responses of such systems.
In an investigation for the Naval Facilities Engineering Command, the published and unpublished literature was searched to establish the present level of technical knowledge of experimental and analytical procedures and of data on the hydrodynamics of components of moored arrays and P. R. Rispin David W. Taylor Naval Ship
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Research and Development Center similar systems. Data from selected sources were extracted and arranged according to component shape and major grouping of hydrodynamic characteristics, including hydrodynamic load coefficients, added mass and damping coefficients, strumming, and responses in waves.
As to the state of the data, complete data were found for components with simple geometric shapes, such as cylinders and spheres. However, data for more complex shapes were incomplete. In the sections which follow, the quality and quantity of data are assessed. Suggestions are given for research to improve the quality and quantity of certain data.
Hydrodynamic Parameters
In the ocean environment, moored array components are acted upon by different forces, including gravity, tensions from the mooring lines, hydrostatic forces, and steady and unsteady hydrodynamic forces. A l l the forces affect the responses of moored array components to the environment. This paper concentrates on the hydrodynamic forces.
As discussed by Morgan (Reference l ) , steady hydrodynamic forces induced by a steady current on a body may include both friction and gravity components and are relatable to the inertia of the moving fluid by the following Newtonian force coefficients:
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are the characteristic areas for such as frontal area and planform area), D and L are drag and lift forces, II is a characteristic length of the body, M is pitching moment, U is flow velocity, and p is water density. These coefficients typically depend on an& of attack and on the Froude number, Fn = U/-,, gE and Reynolds number, R = Ua/v where u is the kinen matic viscosity and g is the acceleration due to gravity.
ponent oscillating in pure translation, as shown in Figure 1 may be used to illustrate unsteady forces. In this case, the unsteady forces can be described by an equation of motion of the form:
The typical case of a sensor or array com-
where c is the damping factor, k is the spring constant provided by the mooring lines, m' is the virtual mass (mass of the body m plus the added mass of water ma>, z is the displacement of the component from an equilibrium position, and the dots represent time derivatives. Similar equations exist for other translational and rotational modes of motion. Added mass and damping data are often presented as functions of amplitude and frequency of motion. Also, spring constants are functions of the configurations in which the components are moored. The above oscillating system has a natural frequency given by:
_ . In a steady current, cylinders, spheres and other shapes often are subjected to transverse or lift forces due to vortex shedding at a frequency defined by:
where Sn is the Strouhal number, which is a function of Reynolds number. When the frequency f approaches f , vortex shedding excites the corn? ponent into 9esonance. This phenomenon, called strumming, can lead to structural failure or sensor overload.
must be considered. The motion of the water
The wave effects on moored components also particles generated by waves is at its maximum at the surface and diminishes below the surface. When water particles move less than a significant length of the moored component, the effect of waves can be neglected. The relationship between the amplitude of water particle motion in deep water and the surface wave amplitude is shown in the following equation:
where A(h) and A are single amplitudes of the water particle agd waves respectively, h is the depth of submergence and w is the wave frequency in radlsec.
amplitude is that of Bretschneider, (Reference 2)
One empirical formulation of surface wave
where H is the significant wave height in feet and T ?s the average period of the wave in secon8s.
the sources of some hydrodynamic forces on mooring components depend on the depth at which the components are submerged. When a component is on or near the surface, surface waves are the primary source of hydrodynamic loading. When the component is submerged, current is usually the main source of hydrodynamic loading. Changes of water depth also affect hydrodynamic characteristics. When a component is submerged in intermediate or shallow water where the speed of the current is high, the strumming force induced by the shedding or vortices is important. It is not an important factor, however, when the component is deeply submerged and the speed of the current is low.
teristics of a mooring system is related to the location of the array and to the depth of submergence of each of its components. The importance of the 8epth of submergence on the hydrodynamic characteristics of the types of component considered here is indicated in Table 1. may use hydrodynamic data summarized below in various mathematical models to predict the performance of a moored system in the ocean environment. Details on various models are given in References 3, 4 and 5.
It follows from the above discussions that
Thus, the nature of the hydrodynamic characWith the above considerations, the designer
Survey of Data Available
For convenience in the assessment of hydrodynamic data, moored array components may be divided into three general groups according to component shape. The first group contains basic shapes of packages and housings which enclose oceanographic sensors and other subsurface components. A second group contains basic shapes of various mooring lines. A third group contains various shapes of surface and subsurface buoys. cal bodies tend to be sketchy and piecemeal. A measure of engineering judgment is recommended in selecting the hydrodynamic data for these components.
used to house oceanographic sensors. In a typical situation, as shown in Figure 1 these sensors are subjected to current normal to the cylinder and to mooring line induced motion along the cylinder. The current induces a normal drag on the cylinder which may be determined from a plot of drag proportionality CD/CDm shown in Figure 2 as a function of fineness ratio Rld. Equation (1) gives the form for the drag coefficients C and CDm where the area % = dR and d i s the 2iameter and k is the length of the cylinder. Typically, C = 1.2 for the nonvibrating cylinder. As to t R z forces experienced in the heave motion, added mass is one input to the equation, Equation ( 4 ) . It is shown as a function of fineness ratio and an acceleration modulus in Figure 3 , from Reference 6. The added mass is given as a ratio to the mass of the displaced water Of all the shapes considered, the hydroThe existing data for finite length cylindriHowever, finite length cylinders are often 
Bodies in Xormal Flow
Of all the shapes considered, the most data are available for rigid circular cylinders which are considered simulations of flexible cables. Adequate data are available on bare cables of circular cross-section. There is a need, however, to determine the hydrodynamic characteristics of chains and fairings. Particularly, the added mass and damping coefficients for chains and fairings are needed for the design and dynamic analysis of moored systems. The acceleration modulus is defined as U /ad where a is the half amplitude of a sinusoidal acceleration. In the absence of data on damping on cylinders in axial motion, damping forces are assumed to be quasi steady functions of the drag computed at any instant of time from
where for a blunt cylinder CD. = 0.83.
are treated in a later subsection, the typical component sensors usually are located in intermediate and/or great depths of submergence. As shown in Table 1 , the dominant hydrodynamic characteristics for this range of depth are the steady force, added mass, and strumming force. Since the strumming force i s not considered important in the case of streamlined bodies, ample data exist on the steady forces and added mass for sensor and array components in deep and intermediate submergence. Only limited data are applicable to the case of shallow submergence where the strumming and wave effects are important.
Except for surface buoy applications, which
Basic Shapes for Mooring Lines
Typical shapes for mooring lines include bare, smooth jacketed, apd faired cable and chain. The cable includes wire rope and other constructions, such as electromechanical cable. cases, the model yields-drag coefficients which are too high. For example, on a long cable the vibration induced by vortex shedding does not lock on to one distinct mode. A better fit to sea trial data is obtained if the maximum amplitude distribution in the model is reduced to 15 to 25 percent of its computed value, and this reduced amplitude is used in the remainder of the computations. Average drag coefficients of 1.7 and 1.9 are obtained on bare cable at sea. mooring line shapes. See Reference 8.
Various Shapes for Buoys
Published data are available for other Buoys are considered to include floating bodies, surface and submerged buoys, and appendages of buoys. As components of moored systems, the buoys experience wave, current, and wind loads. The important hydrodynamic characteristics are the damping, drag, and added mass of the buoys, and the response of buoys in waves. Strumming is not an important factor because the drag and wave forces are larger than the strumming force induced by current. the last two sections are general enough to be applied to wide ranges of sizes and shapes of moored array components and mooring lines. By contrast, the data available on buoys apply to specific shapes and sizes of buoys and may not be easily generalized.
As a sample of data on buoys, Figure 4 compares the drag characteristics in smooth water of various buoy shapes and sizes listed in Table   3 .
Here, for the same buoyancy (payload carrying capability) hemispheres and disks have lower drag than do spheres. As another sample, Figure 5 shows the heave response of a spar buoy whose Data available on basic shapes discussed in characteristics are given in Table 4 . See also Reference 9. 
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Summary and Conclusions
The hydrodynamic characteristics of moored array components such as buoys, cables, fairings, and sensars are available in published and unpublished literature. These data are presented in tables and figures on basic component shapes, on basic mooring line shapes, and on buoys and are presented in terms of hydrodynamic coefficients, added mass and damping, strumming, and wave force and response of buoys.
adequate data for the steady flow forces on the shapes either in the submerged or floating condition. Adequate hertka and damping coefficients a l s o can be found or calcu€ated with existing methods, Inadequate data exist for strlrmming forces., body responses tu strumming excitation, and the effects of interference from appendages, attachments to mooring lines, or other nearby components on the hydrodynamic characteristics of the basic component shapes. 
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For the basic mooring line shapes, there are adequate data on the drag and strumming forces but inadequate data on the Sertia and damping characteristics. In addition, the hydrodynamic data on chains are inadequate. It should be noted that the data for cables are either obtained from rigid cylinders or from short cables. The hydrodynamic characteristics of long mooring cables in water are being investigated as parts of ongoing research programs.
For the available buoys, there are adequate data sources for the flow forces and the inertia and damping coefficients. Data are inadequate on the effects of appendages on the hydrodynamic characteristics of buoys.
on basic shapes of moored array components indicates a lack of data on the effects of vibration on their hydrodynamic characteristics. A component, being a part of a moored system, is always in a state of motion. As a result, the flow forces of drag and lift, and the inertia coefficients on a vibrating body are different from those on a body stationary in the flow. An experimental program is needed to evaluate the effects of vibration on the hydrodynamic characteristics of streamlined bodies.
The effect of the length of a flexible cable on the hydrodynamic characteristics of cables and cable fairings is not fully resolved. Analytical and experimental studies are necessary to investigate the responses of moored systems to various environmental conditions.
The effects of the interference of other components on the hydrodynamic characteristics of moored array components are not yet known.
An experimental program is suggested to study these effects.
A systematic evaluation of the literature
